Antibodies
against chicken and Torpedo agrin were used for immunofluorescent staining in order to assess the spatial distribution and temporal appearance of agrin-like molecules at newly formed synaptic contacts in cultures of embryonic Xenopus nerve and muscle cells. The antibodies stained Xenopus neuromuscular junctions and removed ACh receptor (AChR)-aggregating activity from extracts of Xenopus brain. lmmunofluorescence was observed at almost all nerve-induced AChR aggregates, even at microaggregates in cocultures as young as 7.5 hr and at nerve-muscle contacts less than 2 hr old. Microdeposits of immunofluorescence extended as far distally as, or farther than, the microaggregates of AChFls along young nerve-muscle contacts. They also occurred along portions of growing neurites that were not in contact with muscle. By contrast, immunofluorescence was rarely observed at the nonsynaptic aggregates of AChRs that form on noninnetvated muscle cells. These results raise the possibility that neuronally derived microaggregates of agrin-like molecules may be primary sites of nerve-induced clustering of AChRs, and they indicate that these molecules are present at embryonic nerve-muscle synapses from the very onset of AChR aggregation.
The cellular origin of the agrin-like molecules at synapses was examined in cross-species cocultures in which the neurons and muscle cells were obtained from embryos of Xenopus laewis and Rana pipiens. lmmunofluorescent staining with anti-agrin antibodies reactive at both Rana and Xenopus neuromuscular junctions revealed immunofluorescence at AChR aggregates along nerve-muscle contacts involving both cross-species combinations. lmmunofluorescent staining with an anti-agrin antibody reactive at Rana but not at Xenopus neuromuscular junctions was positive only at crossspecies nerve-muscle contacts involving Rana neurons. These results provide the first demonstration that embryonic neurons supply agrin-like molecules to the synapses they form with embryonic muscle cells.
Received Oct. 25, 1991; revised Feb. 7, 1992; accepted Mar. 10, 1992 A cardinal event in neuromuscular synaptogenesis is the aggregation of ACh receptors (AChRs) in the newly forming postsynaptic membrane. This aggregation is nerve induced, and it begins within a few hours at sites where growing axons contact embryonic muscle cells Cohen et al., 1979; Frank and Fischbach, 1979; Chow and Cohen, 1983) . Current evidence indicates that agrin, or a closely related molecule, is the neuronal agent that triggers this aggregation ofAChRs at the developing neuromuscular junction (McMahan and Wallace, 1989; Wallace, 199 1) . Agrin-like molecules are present in the synaptic cleft of the mature neuromuscular junction (Fallon et al., 1985; Reist et al., 1987) and at almost all AChR aggregates in embryonic muscle (Godfrey et al., 1988b; Fallon and Gelfman, 1989) . These molecules are also present in motor neurons and are transported anterogradely along the axons McMahan, 1988, 1989) . Furthermore, agrin causes clustering of AChRs on embryonic muscle cells in culture in the absence of nerve cells (Godfrey et al., 1984; Nitkin et al., 1987) , and agents that inhibit this activity of agrin also inhibit nerveinduced aggregation of AChRs (Hirano and Kidokoro, 1989; Wallace, 1990) . Although these findings are consistent with the hypothesis that agrin is the neuronal agent that triggers AChR aggregation during neuromuscular synaptogenesis, other results tend to complicate this issue. Agrin-like molecules are expressed not only in motor neurons but also in a variety of other cell types including muscle (Reist et al., 1987; Godfrey et al., 1988a,b; Godfrey, 199 1; Rupp et al., 199 1) . They have also been observed at AChR aggregates that develop on noninnervated muscle cells in aneural limbs of chick embryos (Fallon and Gelfman, 1989) . Such findings suggest that agrin-like molecules at developing neuromuscular junctions may be derived from muscle cells as well as neurons. In fact, these molecules appear in the limb bud mesenchyme of the chick embryo prior to muscle differentiation or ingrowth of motor axons (Godfrey et al., 1988b; Fallon and Gelfman, 1989) . Accordingly, it is unclear whether neuronally derived agrin-like molecules are present at embryonic neuromuscular junctions from the onset of nerve-induced aggregation of AChRs.
We have addressed this question in cocultures of embryonic frog nerve and muscle cells. Two types of AChR aggregates can be readily distinguished on the muscle cells in these cultures: those that are nerve induced and associated with synaptogenesis, and those that develop in the absence of innervation Kidokoro et al., 1980 (Godfrey et al., 1984) . The supematant was then assayed in triplicate for AChRaggregating activity using chick embryo skeletal myotube cultures (-1.5 units/culture). which cross-soecies (Xenouus laevis and Rana uiuiens) coculFluorescent staining of cultures. Prior to incubation in primary an-~ -__ tures were stained with anti-agrin antibodies having different tibody, cultures were bathed in a solution of 67% (v/v) LI 5 and 1% (v/ species specificities, confirm that embryonic neurons do indeed v) goat serum (L15-GS) for at least 20 min at -6°C. The remainder of supply agrin-like molecules to the synapses they form on emthe staining protocol was carried out at the same low temperature. Ll S-GS was used for all dilutions and rinses. Anti-36 and pre-36 (1: IOOO), bryonic muscle cells. monoclonal antibodies (1:200), and secondary antibodies (1: 100) were A brief report of some of this work has appeared in abstract filtered (Millex GV, Milhpore; pore size, 0.22 pm) before use. Incubation form (Cohen and Godfrey, 199 1) .
times were 1 hr. After each antibody, cultures were rinsed seven times over a period of 40-60 min.
Materials and Methods
Stained cultures were fixed as described previously (Cohen et al., 1987) and stored in fixative at -6°C for 2-5 d. They were subsequently Cultures. The method of preparing cultures from embryos of Xenopus luevis was similar to that of Cohen et al. (1987) . Myotomal muscle cells, derived from 1 -d-old embryos, were plated in glass culture chambers . In most cases, the substrate was rat tail collagen (Bomstein, 1958) and mouse laminin (kindly provided by S. Carbonetto of McGill University); otherwise, it was only collagen. Laminin enhanced neuritic growth but had no other apparent effect on the results reported here. Freshly dissociated spinal cord cells were added to most ofthe cultures l-2 d after plating the muscle cells. The remaining cultures were retained as pure muscle cultures.
For some cultures we used Rana pipiens embryos, which were kindly provided by P. Pasceri of R. Elinson's laboratory at the University of Toronto. Myotomal muscle and spinal cords were obtained from embryos 3.3-4.8 mm in length, equivalent to stages 17-19 of Shumway (1940) . The techniques for isolating and dissociating these tissues from Rana embryos, as well as the culture conditions, were similar to those for Xenopus nerve-muscle cultures.
In cocultures involving Rana nerve and/or muscle cells, as in pure Xenopus cocultures, some spontaneous twitching was observed among nerve-contacted muscle cells. Such twitching reflects functional innervation and never occurs among the noninnervated muscle cells in these amphibian cultures (Cohen, 1972; Kidokoro et al., 1980; Swenarchuk et al., 1990) . It was prevented in the present study by including 0.2 r&ml tetramethylrhodamine-conjugated cr-bungarotoxin (RaBT; Molecular Probes) in the culture medium. In freshly dissected myotomal muscles from tadpoles, postlabeling with 1251aBT (see Goldfarb et al., 1990) indicated that 2 &ml RL~BT labeled all AChRs within 1 hr, and at 0.2 r&ml more than 70% were labeled in 3 hr.
Cultures were maintained at room temperature (23-25°C). In most cases they were processed (see below) within 2 d of plating the spinal cord cells, but in a few initial experiments some cocultures were as old as 4 d.
Antibodies. Anti-agrin antibodies were prepared and characterized previously. Rabbit antiserum 36 (anti-36) was prepared against a 72 kDa affinity-purified agrin-like protein derived from extracellular matrix of chicken kidney (Godfrey, 1991) . Preimmune serum (pre-36) from the same rabbit served as a control. Monoclonal antibodies C3 and Fl 1 (in mouse ascites fluid) were prepared against affinity-purified agrin derived from extracellular matrix of Toroedo electric Oman. and are also reactive with chick agrin (Godfrey et al.: 1988b) . Mon&lonal antibody 5B 1, also prepared against Torpedo agrin, was a generous gift from R. M. Nitkin (NIH, Bethesda, MD) . It labels neuromuscular junctions in chick and Rana pipiens (Reist et al., 1987) . In addition, we used a rabbit antiserum against laminin (GIBCO).
rinsed, cleared with 90% (v/v) glycerol containing 1 t&/ml p-phenylenediamine and 10 mM sodium carbonate, and stored at -16°C.
When fluorescent staining was carried out within 12 hr of plating the spinal cord cells, the primary antibody solution also contained 24 r.~gl ml RuBT to ensure that all AChRs would be stained. In some cases, fields of growing neurites were photographed in young cocultures before beginning the staining protocol so that the age of newly formed neuritemuscle contacts could be known more precisely. In estimating these ages, we have assumed that neuritic growth and aggregation of AChRs ceased within 30 min of beginning the incubation in primary antibody. By that time, the culture had been at -6°C for at least 50 min (see above). At this temperature Xenopus embryos cease to develop, and at 14°C their rate of development is about one-third of that at 23-25°C. Thus, our age estimates are probably accurate within kO.5 hr.
Microscopy and analysis. Incident-light fluorescence optics and transmitted-light phase-contrast optics were used separately and in combination so that the cellular location of sites of fluorescence could be properly assessed. Each patch of RaBT fluorescence at least 2 pm in length and separated from its neighbors by 2 rrn or more was considered a single aggregate of AChRs. Colocalization of immunofluorescence at these RaBT patches was readily evaluated directly through the microscope. To anal yze colocahzation of immunofluorescence at micropatches of RaBT fluorescence (< 1 pm diameter), we used photographs taken through an oil immersion objective (100 x , NA 1.3) and enlarged to 1.4 mm/pm. The positions of RaBT micropatches were marked on a transparency that was placed on the corresponding photograph of immunofluorescence. Colocahzation was defined as overlap of the RaBT micropatch and immunofluorescence.
Although RaBT (MW, -8000) readily stains synaptic and nonsynaptic aggregates of AChRs on the lower surface of the muscle cells, antibodies appeared to have much poorer access to this surface. For example, anti-36 immunofluorescence was almost always present at synaptic AChR aggregates on the edge or upper surface of the muscle cells, whereas the incidence of colocalization and the intensity of the immunofluorescence were less at synaptic aggregates on the lower surface. An even greater difference was observed when we stained with antilaminin. Anti-laminin immunofluorescence was present at virtually all "exposed" nonsynaptic AChR aggregates but was rarely observed at "lower surface" ones. Restricted access of antibodies, compared to RaBT, was also apparent after staining freshly dissected muscles (see below). Accordingly, in assessing whether or not anti-agrin immunofluorescence was present at sites of RaBT fluorescence in cultures, all lower surface sites were excluded. However, some photographic examples of colocalization on the lower surface have been included because the nervemuscle contacts remain in the same plane of focus. Affintiy-purified, fluorescein-conjugated goat immunoglobulins (Organon Teknika-Cappel, Molecular Probes) were used as secondary antibodies to visualize the binding sites of the primary antibodies. They were anti-rabbit for the antisera and preimmune serum and anti-mouse for the monoclonal antibodies.
Immunoprecipitation of AChR-aggregating activity. Binding of antibodies to AChR-aggregating molecules was assessed by measuring the ability of immobilized antibodies to remove activity from a supematant fraction (31,000 x g, 20 min) of adult Xenopus brain homogenates. Immunoprecipitation was carried out by binding antibodies to protein A-Sepharose beads, either directly (for rabbit sera) or indirectly (for monoclonals) through goat anti-mouse IgG, as previously described (Godfrey, I99 1) . For each anti-agrin antibody tested, 15 ~1 of protein A-Sepharose beads, and either 45 ~1 ofrabbit serum or 100 pg ofaffinitypurified goat anti-mouse IgG (Cappel) followed by 300 ~1 of ascites fluid Fluorescent staining of muscles. To examine the reactivity of antiagrin antibodies at frog neuromuscular junctions formed in vivo, the following muscles were used: myotomal muscles from stage 46-49 Xenopus tadpoles (see Nieuwkoop and Faber, 1967 ) from stage 26-30 Xenopus embryos, and from Runu tadpoles 1 l-1 3 mm in length, as well as sartorius muscles from Rana frogs weighing 4-7 gm. Although the former muscles are relatively small and all their neuromuscular junctions are stained brightly after 1 hr in 2 &ml RaBT, the staining protocol described above revealed immunofluorescence only at neuromuscular junctions near the surface. To enhance penetration of antibodies, primary antibody was applied for 5-16 hr (anti-36 and pre-36 at 1:5000, monoclonal antibodies at 1: 1000) and secondary antibody (1:lOO) for 3-5 hr. Otherwise, the staining protocol was the same as that described for the cultures. Penetration of antibodies was less com- Figure 1 . Anti-agtin immunofluorescence at synapses in myotomal muscle of Xenopus tadpoles. RaBT fluorescence is seen in A,-E,. The corresponding immunofluorescence is seen in the lower micrographs: anti-36 in A,, pre-36 in Bz, C3 in C',, Fl 1 in D2, and 5Bl in E2. Anti-36, C3, and Fl 1 stained synaptic sites, whereas pre-36 and 5Bl did not. Scale bar, 20 pm. plete in Rana tadpole myotomes than in Xenopus tadpole myotomes, and poorer removal of unbound antibody in the former may account for some diffuse, nonspecific fluorescence along the intermyotomal junctions (see Fig. 7 ). After staining and fixing, right and left myotomes were separated from each other and from spinal cord and notochord, cleared as described above, and mounted on glass slides. In the case of the sattorius muscle, small bundles of fibers were teased from the surface and then mounted.
Interestingly, the barriers to penetration of antibodies were most severe in myotomal muscles from Xenopus embryos. Although synapses in these muscles were readily stained with R~YBT, they were rarely revealed even by overnight immunofluorescent staining. To provide better accessibility to the medial surface, where synapses first form, the right and left myotomes were separated from each other and from spinal cord and notochord after mild prefixation. The staining protocol described for cultures was then applied with success, using incubation times of 1 hr for both primary and secondary antibodies.
Results

Anti-agrin immunojluorescence in Xenopus muscles
In order to evaluate the usefulness of antibodies raised against Synaptic sites were stained brightly with anti-36 (Fig. 1A) but were not stained with pre-36 (Fig. 1B) . Monoclonal antibodies C3 and Fl 1 stained synaptic sites almost as brightly as anti-36 ( Fig. 1 CD) , whereas there was no detectable staining of synaptic sites with 5Bl ( Fig. 1 E) . Interestingly, 5Bl is reactive at neuromuscular junctions in muscles of Rana pipiens (Reist et al., 1987 ; see also below).
Specific immunofluorescence (observed with anti-36, C3 or Fl 1 but not with pre-36 or 5Bl) was also seen at the caudalmost (youngest) microaggregates of AChRs in myotomal muscle from Xenopus embryos (Fig. 2) . Portions of the thin sheath (dermatome) on the lateral surface of the myotomes in embryos and tadpoles, and remnants of tissue remaining on the medial surface of embryonic myotomes after removal of the notochord and spinal cord (see Materials and Methods), also exhibited specific immunofluorescence (not shown).
Immunoprecipitation of AChR-aggregating activity from Xenopus brain
The ability of the anti-agrin antibodies to remove AChR-aggregating activity from adult Xenopus brain homogenate was ,-B,) . The faint immunofluorescence seen in II> was also obtained with pre-36 and 5B1, and is considered to be nonspecific. Bright speckles of immunofluorescence (B,) occurred randomly throughout the culture, even on bare portions of the culture dish, and are also considered to be nonspecific since they were seen with all primary antibodies, including pre-36 and 5Bl. The nonsynaptic AChR aggregates extend above and below the plane of focus. Scale bar, 10 hrn. measured using a previously developed immunoprecipitation assay. Anti-36, C3, and Fl 1 removed 77-91% of the AChRaggregating activity, whereas pre-36 and SB 1 precipitated only 7-l 8% ofthe activity (Table 1) . Thus, the antibodies that stained Xenopus neuromuscular junctions were reactive with AChRaggregating molecules-probably agrin-from Xenopus brain. The possibility that they also reacted with "inactive" agrin-like proteins (Godfrey, 199 1; Ruegg et al., 1991) is considered in the Discussion.
Anti-agrin immunojluorescence in Xenopus cultures
In nerve-muscle cultures, as in normal muscles, there was extensive colocalization between synaptic aggregates of AChRs and anti-agrin immunofluorescence. Figure 3A shows an example with anti-36 staining. Immunofluorescence is seen associated with the full length of all synaptic AChR aggregates along the nerve-muscle contacts. By contrast, nonsynaptic aggregates of AChRs on noninnervated muscle cells exhibited little if any immunofluorescence. This was the case in pure muscle cultures as well as in nerve-muscle cocultures. In the example shown in Figure 3B , there was essentially no detectable anti-36 immunofluorescence at one of the nonsynaptic AChR aggregates, and at the second one the immunofluorescence was very faint and extended beyond the limits of the bright RaBT fluorescence. On the other hand, the nonsynaptic sites of AChR aggregation did stain brightly for laminin (not shown).
The results for all experiments are summarized in Figure 4 . The incidence of colocalization of immunofluorescence at synaptic AChR aggregates was 96% for anti-36, 88% for C3, and 9 1% for Fl 1 compared to 0% for pre-36 and 5Bl. These results were independent of the age of the coculture. By contrast, immunofluorescence at nonsynaptic AChR aggregates amounted to only 5% for anti-36, 2% for pre-36, and 1% for Fl 1. These few positive examples were relatively faint (as in Fig. 3B ) and likely represent nonspecific binding of antibodies. Altogether, the results indicate that the agrin-like molecules recognized by anti-36, C3, and Fl 1 are present in high concentration at synaptic aggregates of AChRs but are virtually absent at nonsynaptic ones. This situation in Xenopus net-v&muscle cultures stands in apparent contrast (but see Discussion) to that in chick embryonic muscle, where high concentrations of agrin-like molecules have been detected at nonsynaptic AChR aggregates (Fallon and Gelfman, 1989) .
In addition to the anti-agrin immunofluorescence along nervemuscle contacts, bright immunofluorescence was occasionally seen in association with a subpopulation of flat transparent nonmuscle cells (not shown). In individual cultures, the number of 
A36
such examples varied between zero and six. This immunofluorescence appeared to be specific because it was seen in cultures stained with anti-36, C3, and Fl 1 but not in those stained with pre-36 or 5Bl. We are uncertain of the identity of these cells, but they may be dermatomal in view of the anti-agrin immunofluorescence associated with the dermatomal surface of Xenopus myotomal muscles.
Anti-agrin immunojluorescence at nerve-induced microaggregates of AChRs in 7.5-hr-old Xenopus cocultures
The data presented so far are based on AChR aggregates that were at least 2 km in length (see Materials and Methods). However, in 7.Shr-old cocultures, most of the synaptic AChR aggregates were less than 1 pm in their greatest dimension and many were even less than 0.5 pm. A total of 640 synaptic microaggregates of AChRs were observed in 34 fields in six cultures, and 541 (84.5%) of them had colocalized anti-agrin immunofluorescence (Figs. 5, 6 ). The high incidence of colocalization was similar whether we used anti-36, C3, or Fl 1.
In young living cocultures, neurite outgrowth was first seen about 3 hr after plating the neurons. Accordingly, it is likely that almost all nerve-muscle contacts in our 7.5-hr-old cocultures were less than 5 hr old. In some cultures, a number of fields were photographed prior to processing, so that the age of the contacts could be known more precisely. Altogether, 35 synaptic AChR microaggregates were observed at contacts less than 2 hr old and 32 (9 1.4%) of them had colocalized anti-agrin immunofluroescence (Figs. 5D, 6 ). Colocalization occurred even at barely detectable AChR microaggregates and even when the nerve-muscle contacts were less than 1.5 hr old (Fig. 6) .
most, if not all, synaptic sites from the onset of their formation is suggested by the following observations. In 24 fields where the most distally occurring AChR microaggregate could be reliably identified, 21 (87.5%) of these "youngest" synaptic sites of AChR aggregation had colocalized immunofluorescence (Figs.  5E, 6 ). In 12 of these fields there were microdeposits of immunofluorescence even more distally along the nerve-muscle contact (Fig. 6 ). Other portions of young neurite-muscle contacts also exhibited microdeposits of immunofluorescence that were not associated with microaggregates of AChRs, so that often the former outnumbered the latter (Figs. 5D, 6 ). Such "AChR-free" sites of anti-agrin immunofluorescence along nerve-muscle contacts were seen in 3 1 (9 1.2%) of 34 fields examined and may represent sites of future AChR aggregation (see Discussion).
In the example of Figure 6 , it is apparent that the microdeposits of immunofluorescence were associated not only with the nerve-muscle contact but also with the nonsynaptic side of the neurite. Even portions of neurite that were not in contact with muscle cells exhibited microdeposits of immunofluorescence (Fig. 50 . Such examples were observed in 13 (76.5%) of 17 fields where the "contact-free" portions of neurite were at least 50 pm in length. Microdeposits of immunofluorescence on "contact-free" portions of neurites were observed in young cocultures stained with anti-36, C3, or Fl 1 but were rare when the staining was carried out with pre-36 or 5Bl. Older cocultures in which neuritic growth is reduced exhibited a much lower incidence of anti-agrin immunofluorescence along their net&es. It may be that agrin molecules bind transiently to the outer surface of growing neurites at, or close to, sites where they are externalized. growing neurites and at nerve-muscle synapses but not at nonsynaptic AChR aggregates on muscle cells suggests that the neurons supplied agrin-like molecules to the synapses. As described below, this was investigated more directly in cross-species cocultures derived from Rana pipiens and Xenopus laevis embryos. As an initial step, we tested the reactivity of the anti-agrin antibodies in Rana muscles.
Anti-agrin immunofluorescence in Rana muscles
In Rana as in Xenopus myotomal muscle, anti-36 (Fig. 7A) , C3, and Fl 1 stained synaptic sites whereas pre-36 (Fig. 7B) did not. On the other hand, unlike the case for Xenopus myotomal muscle, 5Bl also stained synaptic sites in Rana myotomal muscle (Fig. 7C) . This is in agreement with the finding of Reist et al. (1987) that 5Bl is reactive at Rana neuromuscular junctions. Although not evident in Figure 7 , the 5Bl immunofluorescence was generally fainter than the immunofluorescence seen with anti-36, C3, and Fl 1.
Similar results were obtained using Rana sartorius muscles. Examples for C3 and 5Bl are shown in Figure 8 . The immunofluorescence consisted of a series of intense transverse bands separated by intervals of -1 pm where the immunofluorescence was less intense. This characteristic pattern matched that of the RaBT fluorescence associated with the AChRs. It was also obtained with anti-36 and Fl 1, but not with pre-36, and is consistent with the demonstration by Reist et al. (1987) that antiagrin binding sites at Rana neuromuscular junctions are present along the entire synaptic cleft and extend into the junctional folds. The banded pattern is not seen at the neuromuscular junctions of tadpole myotomal muscle because such neuromuscular junctions lack junctional folds (Kullberg et al., 1977) .
Besides its presence at synaptic sites, specific immunofluorescence was also seen in association with the thin sheath (dermatome) covering the lateral surface of the myotomes (not shown). Nonspecific immunofluorescence was observed along portions of intermyotomal junctions in the vicinity of synaptic sites (Fig. 7 ) and in association with connective tissue in sartorius muscles (Fig. 8) .
Anti-agrin immunofluorescence in cross-species cocultures The four different combinations of nerve-muscle coculture are designated as follows: SC,-Mx, in which the spinal cord cells (SC) and myotomal muscle cells (M) were derived from Xenopus embryos (X); S&-M,, in which the cells were derived from Rana embryos (R); S&-M,; and S&-M,.
In S&-M, cultures, the results were in agreement with those obtained with freshly dissected Rana muscles. Synaptic aggregates of AChRs (along nervemuscle contacts) exhibited colocalized immunofluorescence when the staining was done with anti-36, C3, Fl 1, or 5Bl. As was the case in S&-M, cultures, there was little if any immunofluorescence elsewhere on the muscle cells, including sites of nonsynaptic AChR aggregates. As shown in Figure 9 , the incidence of colocalization at synaptic AChR aggregates along SC,-M, contacts was 93% for anti-36, C3, and Fl 1, similar to that seen in SC&-M, cultures. The corresponding value for 5Bl was 76%, somewhat lower than for the other antibodies presumably because of the lower intensity of the 5Bl immunofluorescence. In any event 5Bl was, as expected, effective in revealing agrin-like molecules at synaptic AChR aggregates in S&-M, cultures, whereas in S&-M, cultures it was completely ineffective. Therefore, this antibody was used to assess the cellular origin of agrin-like molecules at nervemuscle contacts in cross-species cultures.
In S&-M, cultures, there was extensive colocalization of 5Bl (Fig. 10) . As was the case for S&-M, cultures, the incidence of colocalization of anti-agrin immunofluorescence at synaptic AChR aggregates was a little less for 5Bl than for anti-36, C3, and Fl 1 (Fig. 9) . Since 5Bl is reactive in Rana but not in Xenopus, the agrinlike molecules detected by 5Bl at X,-M, contacts must have been supplied by the SC, neurons.
In S&-M, cultures, anti-36 and C3 immunofluorescence (Fl 1 was not tested) was preferentially localized at synaptic aggregates of AChRs and the incidence of colocalization was similar to that obtained for the other coculture combinations (Fig. 9) . On the other hand, there was no detectable 5Bl immunofluorescence along the S&-M, contacts (Figs. 9, 11) . This means that few if any agrin-like molecules recognized by 5Bl were supplied by M, cells to these synapses. The simplest explanation to account for the anti-36 and C3 immunofluorescence at S&-M, contacts is that Xenopus neurons, like Rana neurons, supply agrin-like molecules to the synapses they form on muscle cells. and Wallace, 1989; Wallace, 1991) . The evidence includes the presence of agrin-like molecules in the cell bodies of embryonic motor neurons from the onset of neuromuscular synaptogenesis (Magill-Sole and McMahan, 1988) and their anterograde transport along axons (Magill-Sole and McMahan, 1989) . According to the hypothesis, agrin molecules are externalized by growing axons, and as a result of binding to their receptors on muscle cells, they trigger the formation of postsynaptic specializations including a high density of AChRs. The externalized agrin becomes associated with the nascent synaptic basal lamina. The present study constitutes the first demonstration that neurons do indeed supply agrin-like molecules to embryonic nerve-muscle synapses. The evidence is most direct for Rana neurons and also indicates that the molecules recognized by the anti-agrin antibody 5B 1 are not supplied to the synapse by Rana muscle cells. The evidence, though less direct, suggests that Xenopus neurons also supply agrin-like molecules to the synapses they form with muscle. Agrin-like molecules were concentrated at nerve-induced synaptic aggregates of AChRs but were virtually absent elsewhere on muscle cells, even at welldeveloped nonsynaptic aggregates of AChRs that form in the absence of innervation. Agrin-like molecules were also associated with growing neurites and with the earliest-detectable, nerveinduced microaggregates of AChRs along nerve-muscle contacts less than 2 hr old. Altogether, our findings strongly support the conclusion that neuronally derived agrin-like molecules are present at newly forming synaptic sites from the onset of nerveinduced aggregation of AChRs.
Anti-agrin immunofluorescence was not detected at about 10% of the AChR aggregates along nerve-muscle contacts. There are several possible explanations for this result, none of which undermine the above conclusions. It may be that the antibodies failed to reach their binding sites because of restricted access (see Materials and Methods) , that the AChR aggregates in question were nonsynaptic and were contacted by the neurite simply by chance, or that they were nerve induced and originally did have detectable quantities of agrin-like molecules associated with them but the neurites stopped resupplying the molecules to these sites. Another possible explanation for the apparent lack of agrin-like molecules at a small percentage of the AChR aggregates along nerve-muscle contacts bears on the mechanism of action of agrin. It has been estimated that when agrin is applied diffusely to embryonic chick muscle cells by adding it to their culture medium, a single molecule of agrin may be able to cause some 160 AChRs to aggregate (Nitkin et al., 1987) . Perhaps in the present study there were sufficient quantities of neuronally derived agrin even at those synaptic AChR aggregates where anti-agrin immunofluorescence was not detected.
The estimated potency of a single agrin molecule has led to the notion that the binding of agrin to its receptor triggers an intracellular cascade in the muscle cell (Nitkin et al., 1987; McMahan and Wallace, 1989) . Current evidence suggests that an early step in this cascade is the phosphorylation of the &sub-unit of the AChR by a tyrosine kinase (Wallace, 199 1; Wallace et al., 199 1) . The molar ratio ofagrin to AChRs at nerve-induced aggregates of AChRs is unknown. Assuming a ratio of 1: 160 and an AChR density of 10,000/~m2, microaggregates 0.3 pm in diameter (see Figs. 5D, 6 ) would contain about 700 AChRs and four or five agrin molecules. Presumably, so few agrin molecules would not be detected by standard immunofluorescence techniques. Since the immunofluorescence at microaggregates of AChRs was often more intense than the RaBT fluorescence, it may be that the molar ratio at the earliest-forming synaptic aggregates of AChRs is much higher than 1: 160. Perhaps agrinlike molecules can influence AChR distribution on muscle cells by more than one mechanism and their concentration at highly localized sites ensures that aggregation of AChRs is limited to those specific sites.
Recent evidence indicates that agrin is a member of a family of molecules and that only agrin, but not closely related isoforms, can induce AChR aggregation (Ruegg et al., 199 1) . This raises the question whether the immunofluorescence we observed was due to more than one member of the agrin family and whether the closely related, inactive isoforms predominated over agrin at synaptic sites and along growing neurites. At present, it is not known if individual neurons express more than one of the agrin proteins; a recent report indicates that motor neurons in the chick embryo express primarily active agrin (Tsim et al., 199 1) . In addition, the antibodies we used bound to AChRaggregating molecules-probably agrin-from Xenopxs brain. Thus, it is likely that the neuronally derived molecules visualized in the present study were predominantly active agrin.
The presence of agrin-like molecules on the surface of growing neurites is in line with the prediction (Rupp et al., 199 1) that agrin can bind to motor neurons. Appropriately transfected COS or CHO cells also exhibit agrin on their surface (Campanelli et al., 199 1) . Our finding raises the possibility that agrin-like molecules normally interact with their "receptors" on embryonic muscle cells while still bound to the surface of the neurite. In embryonic chick muscle cells in culture, putative receptors for Torpedo agrin appear to be distinct from AChRs (Nastuk et al., 199 1) . On the other hand, the precision of colocalization of antiagrin immunofluorescence at microaggregates of AChRs (Figs. 5D, 6) suggests that AChRs or closely associated molecules may also be receptors for agrin-like proteins (see also Hartman et al., 199 1) . If this notion is correct, then agrin-like molecules on the surface of growing neurites could act as a trap for AChRs, and this interaction would be the initial event in the development of the postsynaptic membrane. Whether or not this is the case, it seems likely that the microaggregates of agrin-like molecules along early nerve-muscle contacts represent the primary sites of nerve-induced clustering of AChRs.
Nonsynaptic regions of muscle cells did not exhibit anti-agrin immunofluorescence, nor did we obtain evidence for a contribution by muscle cells to the agrin-like molecules at synapses, -Neuronal Contribution to Synaptic Agrin yet other studies, employing chick and rat, have indicated that agrin-like molecules are expressed by muscle cells (Fallon and Gelfman, 1989; Rupp et al., 1991) . In the case of chick, the evidence also indicates that muscle cells and other non-neuronal cells express agrin-related proteins that differ in function and structure from agrin in motor neurons (Godfrey, 199 1; Ruegg et al., 199 1) . Perhaps muscle-derived agtin-like molecules were present at synaptic and nonsynaptic AChR aggregates in our study but the antibodies we used were not reactive with the agrin-like isoforms expressed by frog muscle cells. In support ofthis suggestion, we have recently found an anti-agrin antibody that does reveal immunofluorescence at nonsynaptic AChR aggregates on embryonic frog muscle cells in culture (M. W. Cohen and E. W. Godfrey, unpublished observations).
